Quantitative analysis of free gas and adsorbed gas contents in shale reservoirs are great significance for efficient exploration and development of shale gas. Based on the isothermal adsorption experiment of shale samples from Wufeng-Longmaxi Formation of JYA well in Jiaoshiba area and Langmuir volume model, the relationship between shale adsorption capacity and temperature, pressure, organic carbon content, quartz and clay mineral content is analyzed. Besides, the key parameters such as Langmuir volume and Langmuir pressure are dynamically calibrated by combining grey correlation method. A new model for calculating adsorbed gas and free gas is established, which takes fully into account the formation temperature, pressure, total organic carbon and shale mineral components. The results showed that the gas content of shale calculated by the new dynamic modified model is in good agreement with the actual gas content characteristics of shale reservoirs. The new model fully takes into account the vertical and horizontal heterogeneity of mineral components and its influence on shale adsorption capacity. That is not only suitable for the tectonic stability area but also for the gas content analysis in the area with strong tectonic movement. It is concluded that the modified calculation model can effectively predict the adsorbed gas, free gas and total gas content of shale reservoirs under formation conditions, which can be used as an indicator for the analysis and prediction of the exploration and development potential of shale gas wells.
Introduction
Shale gas, a typical unconventional natural gas of selfgeneration and self-storage (Curtis, 2002; Hao et al., 2008; Hao et al., 2013a; Cai et al., 2018 Cai et al., , 2019 , mainly stores in the surface of kerogen and clay particles as adsorbed gas, and aggregates in natural fractures and nano-micron pores as free gas. In addition, a very small amount of gas stores in "in-situ" liquid and formation water as dissolved gas. During the accumulation of shale gas, the adsorbed gas, free gas and dissolved gas are in a certain dynamic equilibrium system. However, when the temperature, pressure and other conditions changed, they can be transformed into each other (Wang et al., 2011; Hao et al., 2013b; Jiang et al., 2018) . Especially, the free gas content is the key factor to determine the high yield and final recovery of shale gas wells (Hao et al., 2013b; Wang et al., 2013) . The adsorbed gas content directly affects the economic recoverable value and continuous production time of the shale gas wells (Jiang et al., 2018) . Nevertheless, the dissolved gas content is small in shale reservoirs, which can be ignored (Wang et al., 2011; Jiang et al., 2018) . Therefore, the systematic analysis of free gas and adsorbed gas content in shale reservoirs is great practical significance for the efficient exploration and development of shale gas.
The quantitative characterization methods of free gas and adsorbed gas in shale reservoirs mainly include the logging interpretation (Tang et al., 2014) , nuclear magnetic resonance (NMR) technique and isothermal adsorption method (Li et al., 2012; Zhang et al., 2017) . Among which, the isothermal adsorption method is widely used according to combined with Langmuir volume model. However, more and more scholars pointed out that the Langmuir sorption model is a limiting model for low pressures and some features cannot be represented by the simple Langmuir model (Zhang et al., 2017) . Therefore, based on the relationships between (a) Langmuir volume vs. total organic carbon (TOC), (b) Langmuir volume vs. temperature, and (c) the logarithm of Langmuir pressure vs. temperature, the Langmuir volume model is modified and a lot of works are conducted (Ambrose et al., 2010; Li et al., 2012; Ji et al., 2014; Yang et al., 2015; Yang et al., 2017; Zhang et al., 2017) . However, it should be noticed that these studies are mainly focused on analyzing the influence of TOC, temperature and pressure on adsorbed gas or free gas, and the effect of shale mineral components (such as quartz and clay minerals) on the occurrence of shale gas are less discussed (Zhao et al., 2017) . In addition, the mineral components of the shale reservoirs are highly heterogeneous in the vertical and horizontal directions. Furthermore, the specific surface areas of different minerals (such as quartz and clay) are quite different, which have obvious difference on shale adsorption capacity (Guo, 2014; Kim et al., 2017; Jiang et al., 2018) .
In this study, taking the JYA well in the Jiaoshiba area, Sichuan Basin, as research object, the contribution ratio of TOC, quartz and clay mineral to shale adsorption capacity is firstly conducted by grey correlation method. Moreover, a calculation model of gas content with full consideration of shale mineral composition, TOC and temperature and pressure conditions is established. Finally, the characteristics of free gas and adsorbed gas in different tectonic units are quantitatively evaluated, aiming to provide theoretical basis for shale gas resource potential and exploration and development potential evaluation.
Geological setting and samples
The Jiaoshiba area, a special normal structure within the intersection of the Wanxian Synclinorium and Fangdoushan Anticlinorium, is located in the east of the Eastern Sichuan Basin boundary fault-west of the Qiyue Mountain fault (Fig.  1a) (Dai et al., 2016; Gou et al., 2018) . The study area mainly experienced basement imbricate thrusting, detachment, and left-lateral transpression to form the current anticline structure that is surrounded by faults (Gou et al., 2019a) . It is characterized as high buried depth in northeast and low in southwest (She et al., 2016) . The main area of Jiaoshiba area, characterized by a box-like with weak deformation and undeveloped faults, is controlled by gentle faulted anticline (Fig. 1b) . However, the two wings are featured by steeply dipping and well developed faults (Guo, 2015) .
The Longmaxi shales of Jiaoshiba are mainly deposited in the environment of undercompensation and detaining anoxia, as a result, shale lithology is simple and fine . Based on the characteristics of shales color, mineral composition and biological fossils, the Longmaxi shales are divided from bottom to top into the first member of Longmaxi formation (Long1 shales), the second member of Longmaxi formation (Long2 shales) and the third member of Longmaxi formation (Long3 shales). Moreover, the Wufeng-Long1 shales can be further subdivided into nine layers (x∼) according to the lithology and electricity characteristics. The WufengLong1 shales are dominated by gray-black carbonaceous radiolarian or graptolite shale and gray-black silty-sand carbonaceous shale, with local thin layers or belts of pyrite and horizontal bedding (Guo, 2016) . The brittle mineral contents, such as quartz and feldspar, are as high as 51%∼83% with an average of 66%. The TOC is generally larger than 2.0% with an average of 3.5%. The shales are characterized by high to over-maturity stage, with R o ranges from 2.2%∼3.6%, and kerogen is type I (Gou et al., 2019a) . The reservoirs contain abundant nano-submicron pores (Guo, 2016; Guo et al., 2016) . Previous studies have shown that the carbon isotopes compositions of methane, ethane and propane of the Wufeng-Long1 shales are completely inverted (i.e. δ 13 C 1 >δ 13 C 2 >δ 13 C 3 ), the gas content ranges from 0.13 to 6.5 m 3 /t and generally greater than 3.5 m 3 /t, which is the main strata of shale gas exploration and development (Guo, 2015 (Guo, , 2016 Gou et al., 2019b) .
A total of 13 shale core samples were collected from JYA well (7 samples) and JYB well (6 samples), Jiaohiba area, Sichuan Basin. The locations of wells were shown in Fig. 1b . All the shale samples were conducted to organic geochemistry analysis, mineral composition, gas content and porosity testing. The detailed experimental procedures were described by Ma et al. (2015) .
3. Calculation model of shale gas in different occurrence states
Calculation model of adsorbed gas and calibration of key parameters
The Langmuir model assumes that the gas adsorption follows the monolayer adsorption theory (Langmuir, 1918) . Under a certain temperature, the methane adsorption capacity of the shale is quantitatively calculated by measuring the relationship between the gas molecule adsorption capacity and the pressure on the shale surface.
where V is adsorbed gas content, m 3 /t; V L is Langmuir volume, which represents the maximum gas adsorption capacity at a given temperature, m 3 /t; P is the gas pressure, MPa; and P L is the Langmuir pressure, which represents the pressure at which the total volume absorbed is equal to one-half of the maximum gas adsorption capacity, MPa.
Eq. (1) shows that shale adsorbed gas content is closely related to Langmuir volume and Langmuir pressure. However, the Langmuir volume and Langmuir pressure do not take into account the variation of the vertical and horizontal directions mineral heterogeneity, temperature and pressure in shale reservoirs (Zhang et al., 2012; Ji et al., 2014; Yang et al., 2015) . Therefore, it is necessary to calibrate the parameters when calculating the content of adsorbed gas.
Calibration of Langmuir volume
The Langmuir volume is mainly influenced by the contents of TOC, siliceous minerals and clay minerals (Zhang et al., 2012; Zhao et al., 2017) . Based on the relationship between Langmuir volume and TOC, quartz and clay, the Langmuir volume calculation equation can be obtained.
where V 1 L is Langmuir volume calibrated by TOC, m 3 /t; V 2 L is Langmuir Volume calibrated by quartz, m 3 /t; V 3 L is Langmuir Volume calibrated by clay, m 3 /t; TOC is shale organic carbon content, %; Quartz is quartz content, %; Clay is clay content, %; a 1 , a 2 , a 3 , b 1 , b 2 and b 3 are calibration coefficient, respectively.
Due to the large difference of the surface areas of organic matter, quartz and clay minerals, which can affect the adsorption capacity on varying degrees (Chalmers and Bustin, 2007; Gasparik et al., 2014; Tang et al., 2016; Qi et al., 2019) . According to the principles of standardization, integrity and similarity, the correlation between each influence factor and the target system can be quantitatively calculated by combined with the grey relational theory (Gou et al., 2019b) . In other words, the contribution of each influence factor to the target system can be calculated. Based on the grey relational theory, the Langmuir volume dynamic correction model is established in this study.
where V LC is Langmuir volume of dry shale samples calibrated by TOC, quartz and clay minerals, m 3 /t; a 4 , a 5 and a 6 are the contribution values of TOC, quartz and clay minerals to the Langmuir volume, respectively, and the detailed calculation process can be referred to Gou et al. (2019b) .
Calibration of Langmuir pressure
Previous studies have shown that there is an obvious linear relationship between the natural logarithm of Langmuir pressure and the reciprocal of temperature (Ambrose et al., 2010; Li et al., 2012; Ji et al., 2014; Yang et al., 2015; Zhang et al., 2017) . Therefore, according to the Langmuir pressure obtained by JYA well shale samples at 30 • C and 85 • C (close to the actual formation temperature), the dynamic calibration model between Langmuir pressure and temperature can be established by least square method.
where
where P LC is Langmuir pressure calibrated by temperature, MPa; t is actual formation temperature, • C; t 0 is surface temperature, • C; t G is geothermal gradient, • C/100m; h is burial depth of shale samples, m; a 7 and b 4 are Langmuir pressure calibration coefficient, respectively. The surface temperature of Jiaoshiba area is about 20 • C (Zhao et al., 2017) , and the temperature gradient is about 2.83 • C/100m (Guo, 2014) .
Calibration of adsorbed gas content
Based on the calibrated Langmuir volume and Langmuir pressure, combined with the actual formation pressure (Eq. (8)), the adsorbed gas content of dry shale samples under formation conditions can be calculated.
where P F is actual formation pressure, MPa; P G is formation pressure coefficient; ρ w is formation water density, kg/m 3 ; g is gravity acceleration, N/kg; V A is adsorption gas content of dry shale samples under formation conditions, m 3 /t. The formation pressure coefficient of JYA well in Jiaoshiba area is about 1.55 (Jin et al., 2018) . However, in the actual formation conditions, the shale reservoirs contain a certain amount of bound water. Hence, it is necessary to calibrate the adsorption gas content of dry samples with equilibrium water. Guo (2014) according to the methane isothermal adsorption experiment of dry shale samples and equilibrium water samples at 85 • C in Jiaoshiba area, the characteristics of equilibrium water samples adsorbed gas under formation temperature (85 • C) and pressure conditions in the study area are obtained.
where V * A is adsorbed gas content of equilibrium water samples in formation conditions, m 3 /t.
Calculation model of free gas and calculation of key parameters
Free gas can flow freely in the connected pore-fracture system, which is easier to produce than adsorbed gas. The content of free gas is mainly affected by shale porosity, water saturation, temperature, pressure and preserve conditions and so on (Hao et al., 2013b; Guo, 2014; Jiang, et al., 2018) . Therefore, it can be characterized by porosity, gas compression coefficient (affected by formation temperature and pressure) and water/gas saturation (Lewis et al., 2004) .
where V F is free gas content, m 3 /t; φ is effective porosity of shale samples, which is tested by helium pycnometry; S G is effective gas saturation of shale samples; B G is volume coefficient of natural gas, m 3 /m 3 ; ρ F is bulk density of shale samples, which is tested by helium pycnometry, g/cm 3 . Since adsorbed gas is enriched on the surface of shale pores and the storage spaces of free gas are occupied, this section of pore spaces should be removed when calculating the content of free gas (Ambrose et al., 2010) .
where M is apparent relative molecular weight of natural gas, g/mol; ρ s is density of adsorbed phase natural gas, which is ranges from 0.37 to 0.43, g/cm 3 ; S W is water saturation of shale samples. In accordance with the previous works, M = 16 and ρ s = 0.37 are applied in this study (Haydel and Kobayashi, 1967; Ambrose et al., 2010) .
Calculation of volume coefficient
The natural gas volume coefficient refers to the volume ratio of certain amount of natural gas under formation conditions to it under standard conditions (20 • C, 0.101325 MPa) (Li, 2015) , the equation of which is as follows:
where V G is natural gas volume under formation conditions, m 3 ; V SC is natural gas volume under standard conditions, m 3 . Under surface ground conditions, the temperature and pressure are relatively low, molecular diameter is much smaller than intermolecular distance, resulting in weaker intermolecular force, and the gas volume approximately satisfies the ideal gas equation (Eq. (14)). However, in the actual reservoirs, especially the Wufeng-Longmaxi shale in the Jiaoshiba area belongs to the high-temperature and high-pressure gas-rich reservoirs, and the intermolecular force is relatively large (Guo, 2014) , Therefore, the gas equation should be calibrated (Eq. (15)).
where Z is compressibility factor of natural gas; n is amount of substance, mol; R is the universal gas constant, MPa·m 3 /(kmol·K); P SC is pressure under standard conditions, 0.101325 MPa. The compressibility factor of natural gas indicates the degree of difficulty of compression of real gas relative to ideal gas (Li, 2015) . At present, the method of Standing and Katz (1942) is commonly used to obtain compressibility factor. Its application range is as follows: the apparent corresponding pressure (P pr ) of natural gas is range from 0 to 15, and the corresponding temperature (T pr ) of natural gas is range from 1.05 to 3.0. That is, the corresponding pressure is 0∼69.06 MPa and the temperature is -42.93∼364.35 • C. Based on Eq. (7) and Eq. (8), the pressure and temperature of the shale samples in study area are 35.4∼36.68 MPa and 85.95∼88.34 • C, respectively. Therefore, the SK method can be used to calculate the compressibility factor. The equation of apparent corresponding pressure and apparent corresponding temperature are as follow:
where P pc is the apparent corresponding pressure of natural gas, methane is about 4.604, MPa; T pc is the corresponding temperature of natural gas, methane is about 190.55, K. Combined Eq. (16) and Eq. (17), the apparent corresponding pressure and the apparent corresponding temperature of shale samples are calculated to be 7.69∼7.97 (average 7.82) and 1.88∼1.9 (average 1.89), respectively. As a result, the compressibility factor of shale gas identified on the SK chart is about 1.05.
Calculation of water saturation
In general, based on rock resistivity, effective porosity and formation water resistivity, the water saturation can be calculated using the Archie formula (Zhao et al., 2007; Tang et al., 2014) . However, since the Archie formula is based on the pure sandstone formation model, which means that the rock skeleton is not conductive. Therefore, it is not suitable for the calculation of water saturation in shale reservoirs (Jiang et al., 2018) . The Simandoux formula is widely used in the calculation of shale reservoirs water saturation because it takes into account the shale content and resistivity (Jiang et al., 2018) .
where a is the proportionality coefficient; m is the rock cementation coefficient; n is saturation exponent; R W is formation water resistivity, Ω·m; R t is formation resistivity, Ω·m; V sh is shale content. According to the actual data of logging in Jiaoshiba area, Guo (2014) has identified a = 1.05, m = 1.53, n = 1.92, and the average formation water resistivity is about 0.05 Ω·m.
Calibration of free gas content
Eq. (12) shows that the actual free gas content needs to be calibrated by the adsorbed gas content of the equilibrium water samples under the formation conditions. Combined with the natural gas volume coefficient, compressibility factor, water saturation and others relevant parameters, the calculation model of free gas content in equilibrium water samples under formation conditions is established.
where V * F is free gas content of equilibrium water samples in formation conditions, m 3 /t.
Analysis of gas content calculation model and its application
4.1 Quantitative calculation of shale gas in different occurrence states 4.1.1 Quantitative calculation of adsorbed gas content Mineralogy composition of the shale samples from the Wufeng-Longmaxi formation of JYA well are illustrated in Table 1 . Quartz content ranges from 25.2% to 42.7%, with an average of 34.3%. The clay minerals content ranges between 35.1% and 62.6%, with an average of 44.5%. In general, quartz content of these shales decreases from bottom to top formation while the clay minerals content shows a reverse tendency (Table 1) . Therefore, the selected samples can represent the vertical characteristics of shale mineral components. In addition, the shale samples have TOC and helium porosity ranging from 1.11% to 4.45%, and from 3.59% to 5.09%, with an average of 2.68% and 4.31%, respectively (Table 1) .
Based on the Langmuir isothermal adsorption model, the selected seven shale samples of JYA well are tested at 30 • C and 85 • C, respectively (Fig. 2) . The results showed that when the test temperature was 85 • C, the Langmuir volume ranges from 1.06 to 3.95 m 3 /t, with an average of 2.66 m 3 /t. Among which, the proportion of samples with gas content above 2 m 3 /t is about 57.14%, which shows that the shales adsorption capacity of the study area is relatively strong ( Table  2 ). The Langmuir pressure ranges from 2.65 to 5.3 MPa, with an average of 4.35 MPa, which indicates that the shales adsorption volume increases greatly in the low pressure section (Fig. 2b) . On the other hand, according to the vertical variation of TOC, quartz and clay mineral content (Fig. 3) , the Langmuir volume, calibrated by TOC and mineral composition, respectively, is obtained (Fig. 4) . On this basis, the contribution of TOC, quartz and clay minerals to Langmuir volume are calculated to be 0.44, 0.30 and 0.26, respectively, based on grey correlation method (Gou et al., 2019b) . Furthermore, the total calibrated Langmuir volume is calculated to be 1.03∼3.62 m 3 /t (Eq. (5)) ( Table 3) . At the same time, the Langmuir pressure of all shale samples at different temperatures is fitted by least square method (Eq. (6) and Eq. (7)), and the calibrated Langmuir pressure expression of the study area is obtained as follows: −985.82 t + 273.15 + 4.1999 (20) The actual formation temperature (Eq. (7)) is substituted into Eq. (20) and the calibrated Langmuir pressure is calculated to be 4.28∼4.36 MPa (Table 3) . Combined with calibrated Langmuir volume, Langmuir pressure (Table 3) and formation temperature (Eq. (7)) and pressure (Eq. (8)), the adsorbed gas content of dry shale samples under formation conditions is calculated to be 0.92∼3.24 m 3 /t (Eq. (9)), with an average of 2.37 m 3 /t (Fig. 3) . However, the adsorbed gas content of the equilibrium water samples is about 0.90∼2.83 m 3 /t (Eq. (10)), with an average of 2.11 m 3 /t (Fig. 3) .
Quantitative calculation of free gas content
Based on the Simandoux formula (Eq. (18)), the water saturation of the shale samples is calculated to be 29.46%∼48.61%, with an average of 38.58% (Table 3) . Hence, combined with Eq. (8), Eq. (19) and adsorbed gas content of equilibrium water samples (Fig. 3) , the free gas content of equilibrium water samples under formation conditions is calculated to be 2.16∼3.01 m 3 /t, with an average of 2.52 m 3 /t (Fig. 3) .
Evaluation of gas content calculation model
The total shale gas content can be characterized by free gas and adsorbed gas because the dissolved gas content in shale reservoirs is small or even negligible (Curtis, 2002; Hao et al., 2013a) .
where V t is total shale gas content of shale samples, m 3 /t. Using the free gas content and adsorbed gas content of the equilibrium water samples under formation conditions, the total gas content of the shale samples is calculated to be 3.31∼5.44 m 3 /t (Eq. (21)), with an average of 4.63 m 3 /t (Fig. 3) . Among which, the free gas content is 47.98%∼72.81% (average 55.46%), and the adsorbed gas content is 27.19%∼52.02% (average 44.54%). The calculated total gas content (3.31∼5.44 m 3 /t) is slightly different from the on-site gas content (1.95∼4.91 m 3 /t). This may be explained as follows: on-site gas content was quantitatively measured according to pressure-tight and coring technique, so as to obtain the gas bearing characteristics of shale reservoirs (Ma et al., 2014; Jiang et al., 2018) . However, Jiaoshiba area is characterized by large pressure coefficient and high free gas content. Therefore, it is inevitable that part of the gas will escape during the process of drilling and coring, which will lead to lower on-site gas content (Guo, 2014; Zhang et al., 2017) . In addition, although the calculated shale gas content has a deviation from the on-site gas content to some extent, both have the same trend of change (Fig. 3) . That is, when the field gas content is large, the calculated shale gas content is also high, which reflects the reliability of the shale gas content calculation model. In order to further verify the applicability of this model, the shale gas content of another key well (JYB well) with strong tectonic movement in study area is calculated. The results showed that the shale gas content of JYB well is 3.26∼4.38 m 3 /t and the corresponding logging interpretation gas content is 3.9∼5.35 m 3 /t (Fig. 5) . However, logging interpretation gas content does not take into account vertical or lateral variations of mineral components, resulting in larger prediction results than actually (Zhao et al., 2017) . Hence, the calculated results are more consistent with the actual results. The comprehensive analysis shown that the calculation model of adsorbed gas and free gas, which takes fully into account the differences of temperature, pressure, TOC, mineral composition and its adsorption capacity, is not only suitable for tectonic stability area, but also suitable for the evaluation of gas content in the area with strong tectonic movement.
Conclusions
(1) Based on methane isothermal adsorption experiment and grey correlation theory, a new model for calculating adsorbed gas and free gas is established. This model takes fully into account the differences of formation temperature, pressure, TOC, mineral composition and its effects on shale adsorption capacity. On this basis, the shale gas content of different tectonic units in Jiaoshiba area could be quantitatively calculated.
(2) According to the modified gas content model, it is calculated that the absorbed gas and free gas contents of well JYA are 0.90∼2.83 m 3 /t and 2.16∼3.01 m 3 /t, respectively, and the total gas content is 3.31∼5.44 m 3 /t, with an average of 4.63 m 3 /t. It is in good agreement with on-site gas content (1.95∼4.91 m 3 /t), which proves the reliability of the new model. In addition, combined with the results of gas-bearing evaluation of another key well in Jiaoshiba area, comprehensive analysis shows that the model is not only suitable for tectonic stability area, but also for gas-bearing analysis in the area with strong tectonic movement. It can be used as an indicator for the evaluation of shale gas resources and exploration and development potential of shale gas wells.
